An optical readout uncooled infrared detector, employing a substrate-free focal plane array with pitch size 60 m, is established. The reflector deformation induced by the stress mismatching of the bi-layer structure is discussed and, in turn, a universal solution to determine both the optical readout sensitivity and the optimal filter position is found. By applying this solution, the optical readout sensitivity for the ideal plane reflector could theoretically increase by 80% as compared with the conventional operation, and the sensitivity loss caused by the reflector deformation can also be reduced to a reasonable level.
Presently, there are several families of commercially available uncooled infrared detectors, such as thermopiles, pyroelectrics, bolometers, etc. [1, 2] Traditionally all types of these devices have utilized some typical multiplexed readout schemes. The involved complex two-dimensional array of contacts and cross connects has seriously increased the cost to high resolution arrays. Therefore there have been several groups pursuing a non-contact optical approach to perform the readout function. [3−7] Based on Fourier optics, we proposed an optical readout platform for larger arrays by employing a knife-edge filter in 2003. [7] Using the fabricated substrate-free microcantilever arrays, [8, 9] thermal images were successfully obtained at room temperature. Figure 1 shows the schematic illustration of the proposed optical readout platform. Also shown in the insert is an individual element of the microcantilever array. Each element consists of a reflector (or IR absorber), temperaturedependent bimaterial regions, and thermal isolation regions. Here the reflector is designed to provide both absorption of the radiation and reflection of the probing light, and bimaterial regions are folded to accommodate a larger deflection angle of the reflector. The IR radiation (8-14 µm) from the target is focused onto the microcantilever array by using an IR lens. The incident energy thus increases the temperature of the microcantilevers and, therefore, leads to the bending deflections in the bimaterial regions. Simultaneously, the microcantilever array is illuminated by a visible parallel beam on the opposite (a green light-emitting diode (LED) is used in this work). The deflection of individual reflectors is thus proportionally present as a corresponding translation of the diffraction pattern on the back focal plane of the Fourier lens. The required angle-to-intensity conversion is finally achieved by the knife-edge filter, which located on the back focal plane. As a result, the IR target thermally imaged on the microcantilever array can be reconstructed readily by a CCD camera.
Primarily induced by the stress mismatching of the bi-layer structure, undesired reflector deformation occurs easily and has seriously degraded the optical readout sensitivity Θ, [10] which is defined as the intensity change on the CCD chip due to the deflection angle of the reflector. In the conventional operation, the knifeedge filter is located at the midpoint to block half of the diffraction pattern. In this Letter, we report on a discovery to optimize the filter position, which could significantly improve the optical readout sensitivity. Using the notations and coordinate systems defined in Fig. 2 , and supposing that the rectangular reflector (of length and curvature radius ) is illu- 
where is the wavelength, is the focal length of the Fourier lens, and = √ −1. Thus the intensity distribution becomes
where erf is the error function and erf ( ) is a simplified notation. The optical readout sensitivity thus can be evaluated to be
where knife indicates the position of the knife-edge filter, and the relation = 2 has been used. [7] Note that there is always an implicit constraint for the wave amplitude, that is, the light intensity projected onto the CCD chip must not exceed the CCD's maximum acceptable level of CCD , or
Now, substituting Eq. (4) into Eq. (3) to eliminate the wave amplitude , we have
Equation (5) analytically describes a model for the optical readout sensitivity and, in turn, presents a way to achieve the optimal filter position. Based on the typical curvature radius of the reflector in our work, two situations were performed: = 5.0 mm, and +∞. The other assumptions used include = 50 µm, = 100 mm, and = 500 nm. According to Eq. (2), Fig. 3(a) shows the intensity distributions along the axis, which are normalized by the peak intensity of the ideal plane reflector. Based on Eq. (5), Fig. 3(b) represents the relations between the optical readout sensitivity and the filter position, where the optical readout sensitivity has been normalized by the typical sensitivity determined by the ideal plane reflector with the conventional operation. The curves in Fig. 3(b) clearly indicate that the optimal filter position, much different from the conventional understanding, is not at the midpoint to block half of the diffraction pattern, but changes with the curvature radius of the reflector (in this work, the length of the reflector is a constant to be 50 µm). For the ideal plane reflector, the optimal filter position is at knife = −0.46 mm, and the corresponding optical readout sensitivity is to be 1.80, increased by about 80% as compared with the conventional operation. For the reflector of = 5 mm, the maximum optical readout sensitivity of 1.08 is achieved at knife = −0.34 mm, increased by about 35%. It is worthy to note that by employing the optimal filter position, the sensitivity loss, primarily induced by the undesired reflector deformation, could be reduced to a reasonable level, and the sensitivity achieved may be even higher than the ideal plane reflector with the conventional operation. In this work, by applying the optimal filter position, the sensitivity achieved is evaluated to be 1.08, increased by about 8%. As an important part of the detector characteristic, the uniformity of the optical readout was studied. When the knife-edge filter functions at the optimal filter position (shown in Fig. 3(b) ), the wave amplitude can thus be determined by Eq. (4), and the corresponding integral intensities of the diffraction pattern are shown in Fig. 4 , where is the number of quantization levels of the CCD camera ( = 4096 for a 12 bit CCD camera), and the dashed line indicates the portion blocked by the knife-edge filter. The optical readout sensitivities, namely the slope of the curves, are estimated to be 12.5 and 7.55 /deg respectively 124206-2 at the filter position. The length of the uniform region is 0.1 mm or more within an error limit of 10% (shown in the insert). Note that the 0.1 mm uniform region meets the requirement for the common applications of about 20 K temperature variation.
[11] If the temperature variation in the environment is more than 20 K, a tradeoff between the sensitivity and the uniformity, or a non-uniformity correction, is essential. An optical readout platform (Fig. 1) was performed experimentally to validate the above analysis. The fabricated microcantilever array with pitch size 60 µm (the micrography is shown in Fig. 5 (a) ) was fixed on a stepping motor, and a 12 bit CCD camera was located on the imaging plane. By rotating the stepping motor with a precision of 0.005 ∘ , the relations between the intensity projected onto the CCD chip and the deflection angle of the reflector are obtained and shown in Fig. 5(b) , also shown in the insert is the surface profile of an individual reflector of = 6.05 mm, measured by a Veeco Profiler. With the conventional operation, the optical readout sensitivity is experimentally measured to be 20400 gray levels/deg. In contrast, based on Eq. (5), the maximum sensitivity of 27200 gray levels/deg is achieved at knife = −0.34 mm, increased by about 33%. For the other filter positions of knife = −0.20 and −0.50 mm, the sensitivities are measured to be 26300 and 25200 gray levels/deg respectively. All these results fit well with the aforesaid analysis. In the end, Fig. 6 shows some thermal images obtained by the optical readout platform with the optimal filter position. In conclusion, based on Fourier optics, a universal solution to determine the optical readout sensitivity is established and validated. By employing the optimal filter position, the optical readout sensitivity could theoretically increase by about 80% for the ideal plane reflector, and the sensitivity loss caused by the undesired reflector deformation could be reduced to a 124206-3 reasonable level. The sensitivity of the microcantilever array (pixel pitch of 60 µm; = 6.05 mm) determined experimentally was 27200 gray levels/deg, increased by about 33%.
